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Abstract.
Systematic studies on the GEM foil material are performed to measure the moisture diffusion rate and saturation
level. These studies are important because the presence of this compound inside the detector’s foil can possibly
change its mechanical and electrical properties, and in such a way, the detector performance can be affected. To
understand this phenomenon, a model is developed with COMSOL Multiphysics v. 4.3 [1], which described
the adsorption and diffusion within the geometry of GEM foil, the concentration profiles and the time required
to saturate the foil. The COMSOL model is verified by experimental observations on a GEM foil sample. This
note will describe the model and its experimental verification results.
1 Introduction
To upgrade the forward muon region of the Compact
Muons Solenoid (CMS) at Large Hadron Collider (LHC),
the Gaseous Electron Multiplier (GEM) is considered a
most suitable detector. Due to its high rate capability 1
MHz/cm2 [2], excellent position and timing resolution,
the GEM detector can easily meet the requirements of the
high pseudorapidity region where a high particles flux is
expected. The major part of the detector is the GEM foil
where charge amplification phenomena occur in the pres-
ence of intense electric filed in the conical shape micro
holes within a thickness of 60 µm (50 µm kapton cladded
with 10 µm copper on both sides) The installation of the
triple-GEM detectors into muon stations at the end-cap re-
gion, as shown in figure 1, will improve muon momentum
resolution, help to reduce the global muon trigger rate, as-
sure a high muon reconstruction efficiency and increase
offline muon identification coverage [3]. The GEM foil
is exposed to water during production process, and pos-
sibly leaks in the detector allowing atmospheric humidity
to enter the gas volume. This study aims to measure the
diffusion properties of GEM foils in order to obtain use-
ful data to characterize the GEM foils mechanical tensile
properties which can be affected by humidity.
aCorresponding author; email address: Saleh.Muhammad@cern.ch
Figure 1. The GEM installation position at the CMS is high-
lighted in blue circle.
2 Development of a diffusion model using
COMSOL Multiphysics
In the analysis of transport phenomena we considered the
spread of H2O only from the holes surface where kapton
is exposed to the environment. In fact water cannot pene-
trate into the polymer from upper and lower surfaces due
to copper layers which behave as a waterproof barrier. The
presence of any stagnant film around the surface of the
hole is considered as negligible because the gas is continu-
ously flushed inside the chamber, allowing to always have
a constant and uniform concentration on the surface of the
hole: this value represents the maximum concentration of
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Figure 2. (top left)[4]. The selected area highlighted white (bot-
tom left). The humidity absorption (top right). single mask (bot-
tom right) double mask
water that can get inside the structure, in other words the
value in full saturation conditions (after a theoretically in-
finite time). In general the humidity that comes from the
surrounding environment and spreads within the polymer,
has condensation on the surface of solid and gas exchange
(i.e. on the inner surface of the holes in the sheet). The
relation that allows one to obtain the value of this concen-
tration on the surface of a polyimide (kapton) is a function
of the external humidity which is derived from the litera-
ture [5].
c1 = 4.520 ∗ 10−4 ∗ RH − 8.319 ∗ 10−4 (1)
where c1 is expressed in grams of water to grams of
polymer, RH is the relative humidity. The formula used
is empirical and it is compatible with the official data re-
leased by the manufacturer [6], in case of RH = 100 %
the maximum amount of water present in the polymer is
equal to a 4.43 %, approximately consistent with the 3 %
declared by DuPont for Kapton. The above formula is not
applicable for small values of relative humidity; consider-
ing, however, that the environment in which the detector
will work does not provide RH > 4 %, it is possible to ap-
ply the previous formula while limiting to a 10 % error.
The value of humidity chosen describes the unrealistic sit-
uation of 10 % of leaks inside the gas system of a GEM
detector.
The model developed takes into account the actual
GEM foil geometry, including size and shape of the holes,
for both the single and double mask manufactured process.
Based on the problem symmetries, we selected the domain
shown in figure 2, as representative periodic unit. This do-
main was discretized using triangular meshing.
The humidity exchange surfaces are colored in blue
(figure 2), these being the only surfaces that allow the wa-
ter to penetrate inside the foil structure. For all other faces
colored in grey (figure 2) it was set up the condition of
no flow, this condition is certainly valid for the upper and
lower sides (where there is a copper coating).
The diffusion coefficient is taken from the previous
laboratory tests, performed at CERN [7], D = (2.11 ±
Figure 3. Time vs. concentration for different points of the ge-
ometry, with RH = 4%
Figure 4. Time vs. concentration for the same points with RH =
40%
0.18)10−10 cm2/s. The results obtained from the two ge-
ometries are very similar, the difference of the geometry
is basically due to holes formations techniques which are
called single and double masks techniques.
The simulation results show that the saturation time is
about 10 hours at RH = 4 %, 14 hours at RH = 40 % and
100 % as demonstrated in figures 3, 4, 5, starting from
a null value of water inside. The concentrations limits are
different 75 mol/m3, 1380 mol/m3 and 3450 mol/m3 at dif-
ferent relative humidity values 4 %, 40 % and 100 % re-
spectively. Along with RH value the saturation time also
depends upon the geometry (size and shape) of holes and
the value of the diffusion coefficient.
3 Experimental verification of the
diffusion model of water inside the GEM
foil
The diffusion model was verified to determine if it de-
scribes realistically the transport of water within the GEM
structure. To achieve this goal, a setup was built at the
Frascati Laboratories of INFN to verify and improve the
preliminary measurements [7] performed at CERN, partic-
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Figure 2. (top left)[4]. The selected area highlighted white (bot-
tom left). The humidity absorption (top right). single mask (bot-
tom right) double mask
water that can get inside the structure, in other words the
value in full saturation conditions (after a theoretically in-
finite time). In general the humidity that comes from the
surrounding environment and spreads within the polymer,
has condensation on the surface of solid and gas exchange
(i.e. on the inner surface of the holes in the sheet). The
relation that allows one to obtain the value of this concen-
tration on the surface of a polyimide (kapton) is a function
of the external humidity which is derived from the litera-
ture [5].
c1 = 4.520 ∗ 10−4 ∗ RH − 8.319 ∗ 10−4 (1)
where c1 is expressed in grams of water to grams of
polymer, RH is the relative humidity. The formula used
is empirical and it is compatible with the official data re-
leased by the manufacturer [6], in case of RH = 100 %
the maximum amount of water present in the polymer is
equal to a 4.43 %, approximately consistent with the 3 %
declared by DuPont for Kapton. The above formula is not
applicable for small values of relative humidity; consider-
ing, however, that the environment in which the detector
will work does not provide RH > 4 %, it is possible to ap-
ply the previous formula while limiting to a 10 % error.
The value of humidity chosen describes the unrealistic sit-
uation of 10 % of leaks inside the gas system of a GEM
detector.
The model developed takes into account the actual
GEM foil geometry, including size and shape of the holes,
for both the single and double mask manufactured process.
Based on the problem symmetries, we selected the domain
shown in figure 2, as representative periodic unit. This do-
main was discretized using triangular meshing.
The humidity exchange surfaces are colored in blue
(figure 2), these being the only surfaces that allow the wa-
ter to penetrate inside the foil structure. For all other faces
colored in grey (figure 2) it was set up the condition of
no flow, this condition is certainly valid for the upper and
lower sides (where there is a copper coating).
The diffusion coefficient is taken from the previous
laboratory tests, performed at CERN [7], D = (2.11 ±
Figure 3. Time vs. concentration for different points of the ge-
ometry, with RH = 4%
Figure 4. Time vs. concentration for the same points with RH =
40%
0.18)10−10 cm2/s. The results obtained from the two ge-
ometries are very similar, the difference of the geometry
is basically due to holes formations techniques which are
called single and double masks techniques.
The simulation results show that the saturation time is
about 10 hours at RH = 4 %, 14 hours at RH = 40 % and
100 % as demonstrated in figures 3, 4, 5, starting from
a null value of water inside. The concentrations limits are
different 75 mol/m3, 1380 mol/m3 and 3450 mol/m3 at dif-
ferent relative humidity values 4 %, 40 % and 100 % re-
spectively. Along with RH value the saturation time also
depends upon the geometry (size and shape) of holes and
the value of the diffusion coefficient.
3 Experimental verification of the
diffusion model of water inside the GEM
foil
The diffusion model was verified to determine if it de-
scribes realistically the transport of water within the GEM
structure. To achieve this goal, a setup was built at the
Frascati Laboratories of INFN to verify and improve the
preliminary measurements [7] performed at CERN, partic-
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Figure 5. Time vs. concentration for different points of the ge-
ometry, with RH = 100%
Figure 6. Data acquisition system (red) and instrumentation for
monitoring environmental conditions parameters within the glass
container (blue), weighing balance (yellow).
ularly with respect to the weighing mode and the handling
of systematic errors.
3.1 Experimental setup
The experimental setup, shown in figure 6, is composed of
an analytical balance where the sample is supported by a
wire. The analytical balance used for the measurements
is a model Gibertini E42 S.The weight measurements are
recorded by using a camera in front of the analytical bal-
ance display and connected to a computer figure 6 using a
custom data acquisition program.
The environment conditions in which the GEM foil is
exposed to water vapour are obtained by using the same
type of vessel as used in the test held at the CERN lab-
oratories [7]; A mixture of salts and water is used to get
almost uniform relative humidity during the test as shown
in figure 7. The mixture was composed of 170 ml of water
and potassium carbonate.
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Figure 7. Temperature and relative humidity vs. time within the
glass vessel during the test.
Sensors are located inside the glass vessel in order
to record temperature and humidity with automatic data
acquisition system. The room temperature and humidity
where controlled and stabilized. The use of salts provided
precise humidity inside the container thus helping reduce
the systematic uncertainties during the measurements. Os-
cillations where reduced by setting an additional weight
on the balance plate. The precision reached a tenth of mil-
ligram.
3.2 Test procedure
A 105 mm * 50 mm * 60 µm sample of GEM foil is pre-
pared and conditioned in an oven at 105.0 ± 0.5 ◦C for
36 hours. After the conditioning in oven, the sample is
weighed and it is found a value of (0.6575 ± 0.0002) g.
The humidity and temperature range during the test re-
mained RH = 37-38 % and T = 19-20 ◦C, shown in figure
7, the images are taken with every 5 minutes interval. The
trends of the sample saturation are shown in figure 8. In
8-9 hours it is possible to completely saturate the GEM
foil. The experimental results (figure 8) are comparable
with the results obtained from the COMSOL model as de-
scribed in figures 3, 4, 5.
Furthermore, the measurements showed the presence
of 0.004 g water at saturation level, compatible with what
is obtained from the official data sheet by the manufacturer
[6] or from the formula (1) for a value of RH = 37.5 %.
We calculated the amount of water absorbed within the
foil. For these calculations used the experimental sample
dimensions and conditions. The overall volume of the kap-
ton in the sample is V´Kapton=0.2625 cm3, and VKapton is the
volume of kapton multiplying with factor of holes which
is α = 0.30, it is the fraction of free space (due to the pres-
ence of the holes), ρKapton=1.42 g/cm3 is the density of
kapton, PKapton is the weights of kapton, and PMH2O is the
molecular weight of water.
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Figure 8. Water saturation trends in the GEM foil sample.
VKapton = V´Kapton ∗ (1 − α) = 0.1835 cm3 (2)
PKapton = VKapton ∗ ρKapton = 0.2609 g (3)
PH2O =
(
c1
PMH2O
)
∗ PKapton = 0.0042 g (4)
The calculated number is very close to the experimen-
tal results difference is only 4.8 %.
4 Conclusions
A model for describing the diffusion phenomenon within
the GEM foil was developed. It is assumed that all the wa-
ter coming from the humidity condenses on the surface of
solid-gas exchange, i.e., the internal surface of the holes
where the electronic avalanche will produce. This surface
is the only available for the penetration of the water inside
the foil, because the copper coating (on the top and bot-
tom) behaves as a water proof barrier. It is also assumed
that near the surface of exchange there is not a stagnant
film, hypothesis certainly validated by the presence of a
gas flow in continuous circulation. Formula (1) is used
to estimate the value of the concentration on the surface
starting from a value of surrounding humidity; this value
is assumed equal to 4% representing a hypothetical situa-
tion of 10 % of leaks inside the gas system.
The results obtained from the COMSOL MULTI-
PHYSICS model showed that the time for having the com-
plete saturation of a single mask GEM foil is about 10 to
14 hours depends upon humidity level.
In order to validate the COMSOL model, an experi-
mental setup is made ready to perform a test at the GEM
foil sample. From weigh balance the measurements of the
weight are recorded in a well-conditioned system, which
is built for the occasion: using a mixture of potassium car-
bonate and saturated water to get a stable value of RH
in the range of 37-38 % inside the container. The sam-
ple is hung to a wire, connected to the analytical balance.
After approximately 8 to 9 hours the saturation level is
achieved and the amount of water absorbed is 4 mg, this
value is comparable with the official data sheet released by
DuPont.
More studies are going on about the properties changes
of the GEM foil due to the water absorption and desorption
from the system, in order to establish the standard condi-
tions to obtain the longevity and the best performance of
the GEM detector.
References
[1] COMSOLMultiphysics R©; Vers. 4.3, c©1998-2013 by
COMSOL, Inc.
[2] A. Colaleo et al., CMS TECHNICAL DESIGN
REPORT FOR THE MUON ENDCAP GEM UP-
GRADE, CERN-LHCC-2015- 012. CMS-TDR-
013,<https://cds.cern.ch/record/2021453>.
[3] D. Abbaneo et al 2015 JINST 10 C03039, “Quality
control and beam test of GEM Detectors for future up-
grades of the CMS muon high rate region at the LHC”
<doi:10.1088/1748-0221/10/03/C03039>.
[4] G.Raffone “CMS Trapezoidal GEM Foils Structural
Analysis” preprint LNF-10/20(IR).
[5] Sacher E., Susko; “Water Permeation of Polymers
Films. I. Polymide”; Material and Engineering Anal-
ysis, IBM Corporation System Division Endicott, New
York; 1978.
[6] Kapton R© HN Technical Info;
DuPont, <www.dupont.com/products-
and- services/membranes-films/polyimide-
films/brands/kapton-polyimide-film.htm>.
[7] A.V.Franchi et al.; “Test for the Measurement od Dif-
fusion Coefficient of Water in Kapton Foils for the
GEM Detector of the Upgraded High-Pseudorapidity
Muon Detection in CMS” preprint INFN-13-09/LNF.
4
EPJ Web of Conferences 174, 03005 (2018) https://doi.org/10.1051/epjconf/201817403005
MPGD 2015
